The hyper-variable segments (323~327 bp) of the mitochondrial D-loop for 169 Carassius auratus fishes in Japan were amplified by the polymerase chain reaction and the amplified products were sequenced directly and compared. A dendrogram showing three major clusters was generated with the sequence data for 37 haplotypes at 66 polymorphic sites. One cluster (cluster I) exclusively consisted of the gengorobuna, which was regarded as an independent (sub) species. The triploid ginbuna belonged to two remaining clusters, mainly in the diploid ginbuna cluster (cluster III) and partially in the goldfish cluster (cluster II). This finding suggests that the triploid ginbuna has been derived from two different maternal lineages. The triploid ginbuna was considered to have come into existence during the last ice age on the basis of this phylogenetic data. No geographic differentiation was observed with respect to the triploid ginbuna sampled at three different localities in Japan; the Shibuta River in Kanagawa, Lake Imba in Chiba and Lake Biwa in Shiga. The phylogenetic tree also demonstrated a monophyletic relationship amongst the nigorobuna, the nagabuna and the ginbuna, sharing cluster III. The nigorobuna and nagabuna populations have most likely arisen from geographic and temporal variations within the ginbuna populations. We also discuss the evolutionary origin of the triploid in view of its paternal ancestors.
INTRODUCTION
The Japanese crucian carp (Carassius auratus) has been classified essentially on morphological criteria into 5 subspecies types (Nakamura, 1982) , including ginbuna (Carassius auratus langsdorfi), that is most widely distributed in Japan, kinbuna (C. a. subsp.), nagabuna (C. a. burgeri), nigorobuna (C. a. grandoculis) and gengorobuna (C. a. cuvieri), the last two of which are indigenous to Lake Biwa. However, the precise morphological identification amongst the species C. auratus is difficult because the crucian carp is apt to change its shape depending on its surrounding environment or its ability to cross with subspecies types. Little is known about the phylogenetic relationships among the C. auratus species, especially at the molecular level. Sur-prisingly, unlike other members of the majority of vertebrates, the ginbuna and also the nagabuna have two different reproductive modes, namely gynogenesis practiced by the polyploid form, which is mostly triploid and rarely tetraploid and usual bisexual reproduction by the diploid form (Kobayasi, 1971; Kobayasi and Ochi, 1972) . The naturally gynogenetic polyploid ginbuna is very attractive as a unique model for elucidating the regulatory mechanisms in vertebrate reproduction. However, the genetic origin of the polyploid ginbuna is not clear due to the lack of diagnostic morphological and karyological features. The gynogenetic unisexual animals are typically the products of multiple origins through hybridizations between congeneric bisexual species (Dawly, 1989; Vrijenhoek, 1994) . The triploid ginbuna is also considered to have originated from hybridizations on the basis of electrophoretic polymorphism of isozymes (Shimizu et al., 1993) . Although our previous molecular data on the repetitive DNA sequences (Cal3nDr) supported the hybrid origin of the polyploid ginbuna (Murakami and Fujitani, 1997) , its ancestral parents have not been defined yet. Thus, both the phylogenetic position of the gynogenetic triploid ginbuna among C. auratus and its genetic origin remain to be further elucidated.
Mitochondrial DNA (mtDNA) has been widely used as a molecular tool for investigation of the evolutionary relationships between closely related species or populations since the mitochondrial genome is much smaller in size and evolves 5 to 10 times faster than the nuclear genome (Brown et al., 1979) . In addition, mtDNA can be used to trace maternal lineages because it is transmitted intact from mother to offspring without recombination (Moritz et al., 1987) . The displacement loop (D-loop) segment in the mtDNA, which is the major noncoding region, is considered to be a particularly suitable portion for resolving relatively recent divergences of closely related populations since it is the most rapidly evolving and is thus variable at the intraspecific level (Giles et al., 1980; Lee et al., 1995) . We previously determined the entire mtDNA sequences from a triploid ginbuna, which contained genes encoding 2 rRNAs, 22 tRNAs and 13 polypeptides, as well as the D-loop, and confirmed that the analyses of the D-loop region was useful for studying relationships among the C. auratus fishes .
In the present study, we analyzed the nucleotide sequences of the partial D-loop region (approximately 325 bp in length), corresponding to the first one third of the D-loop, from the diploid, triploid and tetraploid ginbunas, gengorobuna, nigorobuna, nagabuna respectively and also from the goldfish (C. a. auratus), which has been derived from the Chinese crucian carp (Ojima and Takai, 1979) , in order to clarify the phylogenetic status and the maternal origin of the gynogenetic triploid ginbuna among the C. auratus (sub)species.
MATERIALS AND METHODS

Source of samples and determination of ploidy.
A total of 146 specimens of the ginbuna were collected from 5 different localities in Japan; 90 from the Shibuta River in Kanagawa Prefecture, 20 from Lake Biwa in Shiga Prefecture, 17 from Lake Imba in Chiba Prefecture, 18 from the Sakai River in Nagasaki Prefecture and 1 from the Yamato River in Tokushima Prefecture. Five specimens of nigorobuna were caught at Lake Biwa. In addition, we obtained five specimens of the gengorobuna including a wild type from Lake Biwa, two commercially cultured specimens, which were introduced into Lake Imba and two commercially cultured specimens purchased at a local fish dealer. These specimens of the crucian carp were tentatively classified according to their morphological traits (Nakamura, 1982) . Ten specimens of goldfish (5 wakin, 2 ryukin and 3 comet) and 3 specimens of nagabuna were purchased from fish dealers. In addition to the C. auratus fishes, two common carp (Cyprinus carpio) were harvested from the Shibuta River. We determined the ploidy of all specimens except for the goldfish and common carp by measuring the fluorointensity of erythrocyte DNA stained with DAPI (Hamada and Fujita, 1983) , with minor modifications. A total of 146 specimens of the ginbuna consisted of 57 diploids, 81 triploids and 8 tetraploids. All of the nigorobuna and gengorobuna were diploid, while the nagabuna were all triploid. The diploid ginbuna was found neither in Lake Biwa nor in Lake Imba.
DNA isolation and PCR amplification. DNA was extracted from the liver tissue according to Asahida et al. (1996) or isolated from the blood using a GenTLE TM kit (TaKaRa, Shiga, Japan). For mtDNA analyses, a predicted segment of approximately 500 bp in length containing part of the tRNA-Thr gene, the entire tRNA-Pro gene and the first two fifths of the D-loop region of the mtDNA was amplified by PCR. The primers were constructed from the previously determined mtDNA sequence data for the triploid ginbuna , accession number AB006953); H16454: 5'-TAA AAG CAT CGG TCT TGT AA-3' (20 mer) and L351: 5'-CCT GAA ATA GGA ACC AGA TG-3' (20 mer). PCR amplifications were performed in a total volume of 50 µl containing approximately 100 ng of genomic DNA, 1 × PCR buffer (10 mM Tris-HCl, pH8.3, 50 mM KCl, 1.5 mM MgCl 2 ), 200 µM each of dNTPs, 0.4 µM each of primers and 1.25 units of Taq DNA polymerase (TaKaRa, Shiga, Japan). The amplification profile was as follows: an initial denaturation at 94°C for 4.5min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 1 min and extension at 72°C for 1 min accompanied by a final extension period at 72°C for 10 min. The amplified products were verified to be a single band of about 500 bp by agarose gel electrophoresis. In some samples of the triploid ginbuna, analyses by random amplified polymorphic DNAs (RAPD) were applied in order to distinguish clonal lines. Amplification reactions were carried out in a volume of 50 µl containing about 100 ng of genomic DNA, 1 × PCR buffer (10 mM Tris-HCl, pH8.3, 50 mM KCl, 1.5 mM MgCl 2 ), 200 µM each of dNTPs, 2.5 units of Taq DNA polymerase (TaKaRa, Shiga, Japan) and 0.4 µM of a single primer (5'-GAC GGC CAG TTT A-3', 13 mer). In the preliminary experiments, this primer, out of 30 primers tested, has been found to yield the most abundant and reproducible fragments so that it could be utilized to discriminate individual clones. The reaction mixtures were incubated in a PCR thermal cycler (QTP-I, Nippon Genetics, Japan) using the following parameters: initial denaturation at 94°C for 4 min, followed by 37 cycles of maternal origins of the polyploid ginbuna Nigoro Naga
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Sequencing and phylogenetic analysis of the D-loop.
PCR products from the D-loop region were treated with exonuclease I (Amersham Pharmacia Biotech, Buckinghamshire, UK) and shrimp alkaline phosphatase (Amersham Pharmacia Biotech, Buckinghamshire, UK) at 37°C for 25 min and then placed at 80°C for 15 min to inactivate the enzymes. The reaction products were directly sequenced for both forward and reverse strands with the amplification primers, employing the AmpliTaq Dye Terminator Cycle Sequencing FS kit (Perkin Elmer, Foster, CA) on a 373A DNA Sequencer (Applied Biosystems, Foster, CA).
Nucleotide sequences corresponding to the beginning of the D-loop region were subjected to phylogenetic analysis. Multiple sequence alignment was performed by using Clustal W program (Thompson et al., 1994) . Genetic distances among haplotypes were obtained using Kimura's two-parameter method (Kimura, 1980) . Phylogenetic relationships were estimated by the neighborjoining (NJ) method (Saitou and Nei, 1987) . The final tree file was visualized using TreeView (Page, 1996) and the reliability of the tree topology was assessed by 1000 bootstrap replications (Felsenstein, 1985) .
RESULTS
Nucleotide sequences (323~327 bp in length) of the beginning of the D-loop region from 169 C. auratus fishes including the ginbuna (diploid, triploid and tetraploid), nigorobuna, nagabuna, gengorobuna and the goldfish were determined. As shown in Table 1 , multiple sequence alignments showed 66 variable sites including 6 insertions/deletions. The nucleotide substitutions were biased in favor of transitions. A total of 37 different haplotypes were obtained. Eight of them were common haplotypes that were shared amongst the different ploidy of the ginbuna or the different subspecies: a haplotype (HT 3) by the triploid and tetraploid ginbunas, and 4 haplotypes (HT 1, 4, 5 and 7) by the diploid and triploid ginbunas, a haplotype (HT 2) by the diploid, triploid and tetraploid, a haplotype (HT 6) by the triploid ginbuna and nagabuna, and a haplotype (HT 22) by the triploid ginbuna and the nigorobuna. Genetic distances (the numbers of nucleotide substitutions per site) ranged from 0 to 0.0383 amongst 12 haplotypes of the diploid ginbuna. With regard to the triploid ginbuna, genetic distances amongst 13 haplotypes (except HT 3) from the Shibuta River populations, the 8 haplotypes from Lake Biwa populations and the 6 haplotypes (except HT 21) from Lake Imba populations were 0.0031~0.0352, 0.0031~0.0351 and 0.0031~0.0350, respectively.
The phylogenetic tree for 37 haplotypes constructed by the neighbour-joining method showed three major clusters (Fig. 1) . The first cluster (I) was exclusively comprised of two haplotypes (HT 36 and HT 37) of the gengorobuna and was completely supported by a 100% bootstrap value. The second cluster (II) which was strongly supported by a 92% bootstrap value, contained 2 haplotypes (HT 21 and HT 3) of the polyploid ginbunas and all of the goldfish (HT 34 and HT 35) . In cluster II, a haplotype of the triploid ginbuna (HT 21) was clearly separated from three other haplotypes, including the goldfish. The third cluster (III) was formed by the remaining 31 haplotypes, which comprised all of the diploid ginbuna, nigorobuna, nagabuna (triploid), most of the triploid ginbuna and a tetraploid ginbuna, however had a bootstrap value of 54%. Further distinct divergence within the cluster III could not been seen. The haplotypes of the polyploid ginbuna were thus split into clusters II and III. The tree constructed by the UPGMA method (data not shown) was essentially similar to the NJ tree.
A RAPD-PCR technique was utilized to discriminate between clonal lines of the triploid ginbuna sharing the same mtDNA haplotypes. Of the triploid ginbuna of the haplotype HT 6, 6 individuals from the Shibuta River and 4 individuals from Lake Imba were divided into 2 (SH-5 and -10) and 3 clonal lines (IN-4, -6 and -7) , respectively. The RAPD pattern of SH-10 was identical with that of IN-4 ( Fig. 2, left) . In individuals with HT 8; a clonal line (SH-9) of 3 individuals from the Shibuta River and a clonal line (BI-7) of 4 individuals from Lake Biwa showed identical polymorphic patterns (Fig. 2,  right) .
DISCUSSION
In order to help elucidate the origins of the gynogenetic polyploid crucian carp, a region of approximately 325 bp representing the first one third region of the D-loop of the mtDNA of the fish was selected, since this particular region was previously found to exhibit the highest level of nucleotide substitutions when compared with nucleotide sequences of the entire D-loop region (921~924 bp) from C. auratus fishes . The sequencing of this segment from 169 specimens of C. auratus fishes yielded 37 haplotypes at 66 polymorphic sites including 6 gaps.
Twenty-two haplotypes of the triploid ginbuna were divided into two clusters in the phylogenetic tree, with the vast majority falling into cluster III and the rest, into cluster II. This fact suggests the existence of at least two maternal ancestral lineages of the triploid ginbuna, i.e. one from diploid ginbuna ancestors and the Fig. 1 . Neighbour-joining tree for 37 D-loop haplotypes (HT1~HT37) of the C. auratus with the carp sequence as an outgroup. Numbers at the nodes indicate the bootstrap values from 1000 replications and a scale bar for branch lengths is shown. Only bootstrap values greater than 500 are shown. Superscript and subscript figures on each haplotype indicate the collecting location and the ploidy, respectively. See notes in Table 1 for the abbreviations.
other from an ancestor of the goldfish or its related subspecies. In cluster III, the genealogical mixing of haplotypes from the diploid and triploid ginbunas and the observation of common haplotypes shared by these fishes suggest a very close relationship between them. Furthermore, the fact that nucleotide sequences from the triploid ginbuna (cluster III) were as diverse as those from the diploid ginbuna, not only reflects polymorphism in the ancestral diploid populations but also supports the hypothesis that triploid ginbuna populations originated polyphyletically through multiple founding events. In contrast, a triploid ginbuna with haplotype 21 (HT 21, cluster II) found at Lake Imba, which was closely related but clearly different from the gold fish in the tree, should have originated in a different way. This fish might be C. a. gibelio, which is known to be one of subspecies of C. auratus and is widely distributed throughout the Eurasian Continent. This possibility was supported by the recent phylogenetic data for the C. auratus fishes in China on the basis of their mtDNA RFLPs showing that C. a. gibelio was in the same clade as that of C. a. auratus (Luo et al., 1999) .
The tetraploid ginbuna as well as the triploid ginbuna was most probably derived from two maternal lineages, with one ancestor of the diploid ginbuna with haplotype 2 (HT 2, cluster III) and the other ancestor with haplotype 3 (HT 3, cluster II). In case of a tetraploid with haplotype 2, the fourth set of the genome might have derived from a certain male diploid fish since we have experimentally and reproducibly succeeded to obtain a number of tetraploid progenies by crosses between a certain gynogenetic line of triploid ginbuna and male goldfish (data not shown). The tetraploid ginbuna with haplotype 3 has probably resulted from genome duplication of the undefined ancestral diploid fish (an ancestor of the goldfish?) as judged from the characteristic numbers of hybridization signals of Cal3nDr repetitive and 5S rDNA-related repetitive sequences previously described (Murakami and Fujitani, 1997; .
Haplotypes of the triploid ginbuna were not necessarily differentiated geographically (the Shibuta River, Lake Biwa and Lake Imba) in the tree (Fig. 1) , although some location specific haplotypes were observed (Table  1 ). The extent of genetic variations of haplotypes was also almost identical amongst geographic populations. Furthermore, there was a clonal line in haplotype 6 that was shared by the Shibuta River and Lake Imba populations, as verified by RAPD-PCR (Fig. 2) . Similarly, a clonal line was detected in haplotype 8 shared by the Shibuta River and Lake Biwa populations. Therefore, a variety of the triploid ginbuna that had generated by original hybridization event(s) in the past might have been widespread throughout Japan, although the possibility cannot be excluded that the same clonal lines found in different locations were caused by artificial transplantation. Nevertheless, there is a possibility that new lineages of the triploid ginbuna continue to be created considering the fact that the male tetraploid ginbuna exists, as we previously described the production of the artificial triploid ginbuna (Murakami and Fujitani, 1997) .
With regard to the relationship among Japanese subspecies of the C. auratus, we found that the gengorobuna (C. a. cuvieri) was completely separated from other fishes in the phylogenetic tree (Cluster I), whereas the nigorobuna (C. a. grandoculis) and the nagabuna (C. a. burgeri) shared similarities with almost all types of the ginbuna (C. a. langsdorfi) in the cluster III. This leads us to a hypothesis that only the gengorobuna is a real independent (sub)species and that the nigorobuna and nagabuna are simply morphological variants of the ginbuna. Although the nigorobuna as well as the gengorobuna is endemic to Lake Biwa, the nigorobuna might have more recently adapted to the Lake. The ecological isolation of their habitats could have allowed the nigorobuna and the nagabuna to acquire outward appearances which are slightly different from those of the ginbuna. However, molecularly, the current classification of subspecies of the C. auratus seems to be in need of revision.
Fossils of a progenitor of the gengorobuna have been found in the Sakawa clay stratum formed during the late Pleistocene epoch (Research Group for Natural History of Lake Biwa, 1983) . Assuming that the branching time of the gengorobuna is approximately 0.5 million years ago, the original triploid ginbuna is estimated to have appeared roughly 70,000~160,000 years before It is generally accepted that the gengorobuna, which is indigenous to Japan, was derived from the diploid ginbuna, while the goldfish originated not from the ginbuna but from the Chinese crucian carp (C. a. auratus) (Ojima and Takai, 1979) and was introduced to Japan about 500 years ago. This is why the relationship between the gengorobuna and the ginbuna appears to be closer than that that between the goldfish and the ginbuna. However, our phylogenetic tree showed that the divergence into the gengorobuna preceded the divergence between the goldfish and the ginbuna (diploid and triploid). The previous data on the 5S-related repetitive sequences were also suggestive of closer relationship of the triploid ginbuna to the goldfish than the gengorobuna. For further understanding of the Japanese crucian carp, comparative studies with the continental populations of the crucian carp are required.
Furthermore, we have at present no knowledge about the paternal founders of the polyploid ginbuna. Appropriate nuclear DNA markers are required to achieve this search. A candidate would be the Cal3nDr sequences, which were previously described (Murakami and Fujitani, 1997) , as tandemly repeated DNA sequences specific to the polyploid ginbuna genomes. We developed a PCR technique enabling the detection of these sequences. This sequence is predominant, though not perfectly specific, to the polyploid (several to ten thousand times less in the diploid). We examined whether the repetitive sequences were present in the genomes from all crucian carps tested here by using the PCR technique. All genomes of the polyploid ginbuna, independent of localities from where they were collected, had the Cal3nDr repetitive sequences in large quantities, whereas those of the diploid ginbuna, gengorobuna, nigorobuna or goldfish, regardless of sex, did not (data not shown). This fact points to a possibility that all current triploid ginbuna populations share common genome(s) of undefined paternal ancestors, although the triploid ginbuna constitutes composite clones. We are now attempting a new approach on the basis of nuclear markers that could help reveal the paternal origins of the polyploid ginbunas in addition to the phylogenetic relationships within the C. auratus.
